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Abstract—While incremental steps are being 

taken to integrate unmanned aircraft systems 

(UAS) into the various national airspace systems, 

much work remains to establish appropriate 

regulatory infrastructure that allows UAS larger 

than 55 lb to operate for commerce or hire. The 

magnitude of that effort is compounded by the 

wide-ranging variety of UAS types and possible 

applications, as well as the diversity in quality and 

provenance of UAS components.  The FAA has 

suggested developing design standards tailored to 

specific applications and operating environments as 

an approach to facilitate integration and safe 

operation of some UAS. 

This paper introduces a case study to investigate 

design standards for a midsize unmanned 

rotorcraft operating in a rural environment.  A key 

aspect of this study is the concept of using a 

certifiable containment system, different from a 

conventional geofencing application, to ensure that 

the unmanned aircraft does not escape its intended 

operational area.  The proposed assured 

containment system is expected to reduce the effort 

needed to regulate some UAS that could not 

currently meet rigorous aircraft design standards 

and fall outside of the parameters for operation 

outlined in the proposed small UAS rule.  This 

paper discusses how assured containment may be a 

useful approach to limiting risk and reducing an 

otherwise prohibitive certification burden to enable 

UAS operations in confined areas.  The case study 

examines the potential effect the assured 

containment approach might have on airworthiness 

certification requirements.   
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I. INTRODUCTION 

Regulatory authorities around the world are 
making progress on developing new regulations 
for unmanned aircraft systems (UAS)1. Currently 
within the United States (US), UAS are authorized 
to operate commercially in the National Airspace 
System (NAS) on a case-by-case basis.  The 
Federal Aviation Administration (FAA) has 
authorized some limited commercial use of small 
UAS, generally less than 55 lb, under Section 333 
exemptions to Federal Aviation Regulations 
(FARs) [1] and under restricted category approvals 
for UAS with prior military certification [2].  
These steps are important, but much work remains 
to establish the regulatory infrastructure needed to 
support certification of all commercial UAS.   

According to the FAA’s UAS roadmap, UAS 
operating in the NAS for commercial use, beyond 
Section 333 exemptions and small UAS operating 
within visual line of sight (VLOS), will require 
compliance with design and performance 
standards for airworthiness [3].  While research 
efforts are underway to develop aviation-grade 
systems for UAS, few, if any, meet reliability 
standards for conventionally piloted aircraft (CPA) 
[4-7].  As part of an incremental approach to 
gaining type-design and airworthiness approval, 
the FAA has suggested “developing design 
standards tailored to a specific UAS application 
and proposed operating environment” [3].  This 
research aims to develop design standards for 
midsize unmanned rotorcraft operating in rural 
agricultural environments.  The goal is to provide 

                                                           
1  In this paper, UA means a device used or intended for flight in 

the air that has no onboard pilot, and a UAS includes the aircraft 
and its associated elements related to safe operations, including 
control stations, control links, support equipment, payloads, 
flight termination systems, and launch/recovery equipment, as 
per [3].   



a provisional means to facilitate commercial 
operations in the NAS, albeit confined, for UAS 
that could not currently meet demanding design 
standards required for CPA and fall outside the 
operational parameters of the proposed small UAS 
rule. 

Toward that goal, this paper examines some 
fundamental ideas underlying operating limitations 
as a means to minimize risk for some commercial 
UAS operations.  In particular, concepts building 
on geospatial containment (i.e., limiting the areas 
in which an aircraft is allowed to operate) may 
provide an expedient approach for developing 
simplified safety standards for confined 
operations, at least for UAS that cannot meet 
typical aircraft design standards. Confined 
operations include those over sparsely populated 
or remote areas (e.g., farmland or wilderness 
areas), or those in well-defined airspace corridors 
designated for particular tasks (e.g., pipeline 
inspection).  The Class U airspace concept 
recently proposed by Atkins [8] is one such 
example.   

This paper puts forward the concept of assured 
containment that does not rely on Class U 
airspace.  An assured containment system is a 
localization system, independent of the UA 
autopilot system, which acts to keep the UA 
within given bounds.  As posited here, an assured 
containment system can be realized by a smaller 
set of functions than in a typical autopilot, which 
facilitates certification quality safety arguments. 
Use of an assured containment system may ease 
the overall effort required to regulate a number of 
special purpose UAS, thereby expediting their 
entry into the marketplace.   

In the assured containment concept, flight is 
confined exclusively within a predefined volume 
of airspace such that hazards outside of that 
volume (e.g., related to harming persons or 
property on the ground and interfering with air 
traffic) have been partitioned from other hazards 
inside of the volume.  This is similar to using 
Class U airspace.  Assured containment differs 
from the autonomous geofence in the Class U 
concept in that the assured containment system 
can maintain safety in a GPS-degraded 
environment, is independent of the primary flight 
avionics, has a limited number of clearly defined 

interfaces to those avionics, and has a smaller set 
of functions than a conventional autopilot, in order 
to facilitate certification.  For example, a 
containment system may include elements that 
implement flight termination (e.g., an additional 
fuel cutoff valve) which interface with onboard 
UA engine control systems, but do not rely upon 
them.  Ideally, such a containment system is 
sufficiently simple to make compliance with 
current system safety standards conceivable 
(hence, assured containment). Such a system does 
not rely upon a certified autopilot and other 
aviation-grade components, because such systems 
are not readily available. 

This paper describes the concept of assured 
containment for UAS and introduces a case study 
to examine the implications of that concept on 
airworthiness requirements for confined 
operations.  Section II presents a framework to 
discuss aircraft hazards and hazard partitioning, 
and Section III uses that framework to explain the 
effect of confined operations on safety 
requirements.  Next, Sections IV and V describe 
assured containment and how it differs from the 
notion of geofencing.  Section VI describes a case 
study underway to examine design requirements 
for an agricultural UAS equipped with an assured 
containment system.  The paper concludes with 
Section VII, where potential benefits and 
limitations of the assured containment concept and 
case study expectations are presented. 

II. HAZARD PARTITIONING 

Understanding hazards that pose harm to 
people or property and ways to mitigate those 
hazards are at the core of every aircraft safety 
certification effort.  FARs are designed to protect 
the occupants of aircraft (e.g., airworthiness 
certification and flight rules), occupants of other 
aircraft (e.g., rules to prevent collisions), and 
persons and property on the ground. The lack of 
people on board the UA eliminates a significant 
portion of the hazard space; however, rote removal 
of all corresponding FARs related to this hazard 
space is perilous because regulations that primarily 
protect against one hazard may also protect against 
several secondary hazards simultaneously.  Care 
must be taken to analyze the effect of coupling 
between hazards.  



This section introduces a simple framework to 
help illustrate risk controls for UAS using hazard 
sets and corresponding mitigations. This 
framework considers hazards in three main sets: 
hazards to people on board the aircraft, hazards to 
people in other aircraft, and hazards to people and 
property on the ground. 

Hazard partitioning provides a way to divide 
hazards into groups that can be analyzed and, 
hopefully, mitigated independently.  By using 
some means to maintain partitions, the expectation 
is that the total effort required to mitigate the 
hazards in separate sets is less than the effort 
required to mitigate all the hazards without the 
partitions.  One example of hazard partitioning is 
the operational restrictions placed on agricultural 
aircraft used for crop dusting.  Specifically, 
hazards to people on the ground are reduced by an 
operational restriction prohibiting flight over 
populated areas.  The pilot on board is responsible 
for enforcing the operational restriction.  Hazard 
partitioning is commonly practiced in aviation, 
although it is rarely identified explicitly as hazard 
partitioning. 

Intuitively, a hazard partition is a grouping over 
a set of hazards where every hazard is in a group, 
and each hazard belongs to only one group.  More 
formally, a partition of the set of hazards H is a set 
of nonempty subsets Hi of H that are pairwise 

disjoint (Hi  Hj =  for i ≠ j) and whose union is 

all of H (i Hi), and thus collectively exhaustive 
and mutually exclusive.  The partition is a 
structure that is motivated by the idea that 
grouping objects that are alike will enable 
comprehensive reasoning about all of the objects 
in a group at once.     

As an example of hazard partitioning, consider 
the set of hazards for a CPA, denoted in (1) as 
HCPA.  As described above, those hazards can be 
partitioned into three subsets: hazards to people on 
board (Honboard), hazards to people or property on 
the ground (Hground), and hazards to people in other 
aircraft (Hother_aircraft).  This yields the relation in 
(1): 

 HCPA = Honboard  Hground  Hother_aircraft (1) 

Honboard takes into consideration the number of 
souls on board along with the purpose and nature 

of the operation (e.g., transportation, recreation, or 
acrobatics). Hground and Hother_aircraft take 
operational context into consideration.  
Operational context refers to the external 
environment in which an aircraft operation or 
flight takes place.  The environment encompasses 
airspace class and air traffic considerations 
(captured by Hother_aircraft), as well as geographical 
and population characteristics of the overflown 
areas (captured by Hground).     

The partitions in (1) may be used to examine 
mitigations.  For CPA, there is an inherent 
coupling of mitigations for Honboard and Hground in 
the sense that mitigations intended to protect 
people on board the aircraft also serve to protect 
people on the ground. Given that most safety 
requirements are levied for hazard mitigation, the 
main hazards considered for CPA are Honboard and 
Hother_aircraft. For commercial aircraft, Honboard 
mandates a certain minimum level of development 
rigor to mitigate catastrophic events, such as hull 
loss.  Specific requirements for reliability and 
design assurance, required to avoid catastrophic 
events, vary on a sliding scale depending on 
Honboard, but there is a decided minimum for 
commercial operations.  

Because there are no souls on board a UAS 
(considering only uninhabited UAS), the hazard 
equation for HUAS becomes as shown in (2), since 
Honboard is comprised of the empty set (assuming 
the UAS is below the threshold of economic loss).   

 HUAS = Hground  Hother_aircraft (2) 

This equation is consistent with the ICAO 
position on aviation regulation for UAS as 
“ensuring the safety of any other airspace user as 
well as the safety of persons and property on the 
ground” [9], and avoiding other aircraft [3].  
Equation (2) shows that hazard mitigations and 
hence airworthiness requirements for UAS are 
driven by Hground and Hother_aircraft, unlike CPA.  If 
airworthiness requirements for UAS are developed 
from the existing airworthiness requirements for 
CPA, then standards intended to protect souls on 
board (e.g., seat belts) could be imposed on UAS. 
On the other hand, some FARs primarily for 
protection of people on board have a side effect of 
protecting those on the ground.  Care should be 



taken in determining which CPA regulations might 
or might not apply to UAS.   

III. HAZARD PARTITIONING AND CONFINED 

OPERATIONS 

Hazard partitioning can be used to support 
development of regulations necessary to mitigate 
risk to people on the ground.  A key technique for 
developing mitigations for the hazard set Hground is 
to further partition it with respect to geospatial 
location based on operational area.  That is, for 
confined UAS operations, the corresponding set of 
hazards, Hconfined, can be partitioned into the set of 
ground impact hazards associated with operation 
within a specified area, HinArea, and the set of 
ground impact hazards associated with operation 
outside of that specified area, HoutArea.  The hazard 
equation for this operation is (3). Mitigation 
strategies can then be employed for hazards inside 
the specified area, separate from those for outside 
the area, as long as the partition is maintained and 
coupling across partitions, if present, is managed 
properly.  Choosing a partitioning scheme that 
decouples hazards across partitions enables the 
development of mitigation techniques whose 
impact can be directly identified upon the hazards 
for which they were designed, thereby easing the 
complexity of the assurance argument. 

 Hconfined = HinArea  HoutArea  Hother_aircraft (3) 

A UA can crash in an uninhabited area without 
safety consequences: hull loss presents no hazard 
to people on the ground, though the UA still 
potentially presents a hazard to other air traffic.  In 
certification terms, hull loss in this instance is not 
catastrophic; in fact, hull loss has no safety 
implications.  Ensuring that there are no people on 
the ground within this environment is an 
operational safety requirement:  the UAS crew 
must constantly monitor that no people have 
entered the area that constitutes the UAS’ range.   

To employ this hazard partitioning scheme for 
UAS with a greater operational range within an 
environment in proximity to people, alternative 
methods are needed to ensure the separation of the 
hazard sets HinArea and HoutArea.  An assured 
containment system is one possible method that 
could work for UAS intended for confined 

operations. If the desired operational area can be 
precisely defined, an assured containment system 
can mitigate the hazards in HoutArea.  If ingress and 
egress of persons and mobile property into the 
containment area can be controlled, then the 
assured containment system also can mitigate the 
hazard set HinArea.  An implementation of this idea 
involves an active system, whose behavior can be 
relied upon to ensure the UA never leaves the 
specified area.   

IV. ASSURANCE CHALLENGES TO GEOFENCING 

Geofencing is often proposed to control the 
overflown area of UAS [8, 10].  For UA flying 
beyond visual line of sight (BVLOS), it becomes 
necessary to have a means to verify the position of 
the UA.  Even for UA flown within VLOS, 
additional means for ensuring the vehicle’s state 
and location are often helpful to the pilot.  With an 
electronic geofence, the UAS pilot can preselect 
both altitude and lateral boundaries for the UA 
operation.  The geofence algorithm detects when 
the UA has transgressed this preset boundary or if 
transgression is imminent, depending on the 
implementation.  In those cases, the geofence will 
either alert the UAS pilot to the boundary violation 
(so the pilot may take action) or issue a command 
to the UA to automatically terminate flight, return 
to a preset waypoint, or possibly replan its flight.  
Geofences are primarily implemented via 
software, in conjunction with the UA’s autopilot; 
thereby using the same sensors, actuators and 
processor as the vehicle’s primary autopilot 
system [11].   

The lack of independence in the processor in 
any autopilot-implemented geofence leads to a 
clear single point of failure: if the autopilot system 
fails, either through software or hardware means, 
the geofence obviously fails.  Simply moving the 
geofence to a separate processor is not sufficient to 
eliminate this mode of failure. A common 
dependence on the global positioning system 
(GPS) and inertial measurement unit (IMU) for 
navigation, as well as the use of the same actuators 
to implement the resolution strategy (e.g., flight 
termination or return to waypoint), will lead to a 
coupling between the geofence performance and 
the autopilot system.  Even if redundant sensors 
and independent servo connections are introduced 



for the geofence, the switching logic between 
sensor input and servo output channels, as well as 
all timing protocols (e.g., watchdog timers) must 
be analyzed for correctness (i.e., agreement, 
validity, termination) as well as independence 
(e.g., common clocks, etc.).  From a certification 
perspective, design and reliability requirements for 
the geofence would be tied to the autopilot system.  
Additionally, non-interference and independence 
arguments would have to be made (possibly over 
all autopilot functions) to ensure that the safety 
critical geofence cannot be adversely affected.  

There has been much work done on developing 
reliable and fault tolerant guidance, navigation and 
controls algorithms for autopilots [12-17]. This 
work can possibly serve as a first step in 
attempting to establish an assurance argument for 
certification purposes. However, there are many 
subsequent issues that must be dealt with in 
addition to having fault tolerant controls 
algorithms present in an autopilot in order to 
enable certification.  The computational platform 
upon which the autopilot is implemented, as well 
as the underlying operating system [18] and 
communications architecture [19, 20] must support 
the assurance case, and be amenable to making the 
independence or non-interference arguments 
necessary to illustrate that the safety critical 
function cannot be adversely affected.  Fault 
tolerance in sensors [21] and actuators [22] must 
also be encompassed in the assurance argument, if 
they are shared by both safety critical and nominal 
functions.  

Given that many UAS and their autopilot 
systems are composed of commercial-off-the-shelf 
products (some even open source), reaching levels 
of reliability and design assurance sufficient for 
airworthiness certification may be difficult to 
achieve [23-25].  Furthermore, sensor and actuator 
redundancy necessary to meet reliability 
requirements for certification may add complexity 
and additional constraints to the vehicle design 
that challenge size, weight and power constraints.  

A hypothesis of this research is that the use of 
an assured containment system, independent of the 
autopilot system and navigation signal, may 
provide an opportunity to reduce the overall effort 
needed to regulate a number of special purpose 
UAS.  For an assured containment system that has 

limited functionality and does not share autopilot 
system resources, any assurance arguments should 
cover a much smaller software implementation, 
and thus be more cost effective. This will also 
enable complex control algorithms to be fielded in 
the autopilot, while safety functions can then be 
segregated and maintained by the assured 
containment system. Further details and 
implementation notions for containment concepts 
are reviewed, and an assured containment concept, 
independent of the vehicle autopilot system, is 
developed in the next section. 

V. ASSURED CONTAINMENT 

An assured containment system is a 
localization system that has a certification quality 
safety argument, which acts to keep the UA within 
given bounds, and may have a variety of strategies 
with which to do so (e.g., return to containment 
area centroid, hover, terminate flight, etc.).  The 
assured part of the assured containment concept 
comes from being able to build a safety argument, 
sufficient for certification purposes, that the UA 
will remain in a specified area in the presence of 
common vehicle, autopilot, sensor and actuator 
failures.  The independence of the assured 
containment system from the UA primary avionics 
enables the ease of the assurance argument, and 
may act to facilitate certification. 

A containment system is comprised of sensors 
to determine the vehicle state information, 
decision logic to detect an anticipated breach of 
containment, and the means to control the breach 
of containment (e.g., flight termination).  
Additionally, the interfaces of the containment 
system with the nominal UA systems must be 
analyzed with respect to safety related issues (e.g., 
coupling, interference etc.).  Positioning errors 
across different suites of sensors, noise and 
disturbance tolerances, and environmental effects 
must be incorporated into the containment system. 

A containment system also includes the means 
by which the containment volume is specified.  All 
operational procedures, human-machine interfaces 
and software required to set and validate the 
containment area must be validated as well.  This 
is necessary because any incorrect entry may 
create an ill-posed containment volume, thus 
creating an unenforceable boundary.  Finally, the 



procedures by which the containment volume is 
validated with respect to the actual physical 
volume is crucial. Maps of ground based obstacles 
in the containment area can be utilized to facilitate 
obstacle avoidance, but identifying and avoiding 
obstacles are not functions of the containment 
system. 

In order to facilitate the assurance argument for 
the containment system and enhance certification 
efforts, the assured containment system will be 
independent of the UA autopilot system as well as 
other avionics, and will have an independent 
means by which to ensure the geospatial 
containment of the UA in the event of onboard 
autopilot, sensor, servomotor and connection 
failures.  This way, no single failure in the UA’s 
autopilot system will result in an automatic failure 
of the containment system:  a primary value of the 
assured containment concept comes from being 
able to limit the UA’s physical location in the 
presence of such failures.  Furthermore, an assured 
containment systems is both modular and 
reusable, in that there is no critical coupling with 
the UA’s primary onboard avionics systems (all 
flight termination systems are redundant, 
independent mechanisms).  Thus, a single 
certification argument for the assured containment 
system can be used to enable an entire class of 
vehicles and autopilot systems for these types of 
confined operations. 

In summary, an assured containment system 
consists of the hardware, software and operational 
procedures as well as the evidentiary material 
(e.g., safety analysis, reliability data, proofs, etc.) 
that demonstrate the system performs its intended 
containment function.  As part of airworthiness 
certification, the assured containment system must 
be analyzed as a whole, including a documented, 
fixed design whose failure modes can be clearly 
understood, then mitigated or controlled.  Ideally, 
the effort required to develop and certify the 
assured containment system, with its focused 
functionality, would be far less than the effort 
required for a conventional UAS autopilot system.  
Consequently, the safety burden for the UAS 
could be placed on the assured containment 
system, instead of on the autopilot system.  

VI. CASE STUDY OVERVIEW 

To examine the effect of confined operations on 
airworthiness requirements, a case study is 
underway to propose design requirements for a 
midsize UAS (maximum gross take-off weight of 
approximately 1000 lb) operating in a rural 
environment.  In particular, the UAS is intended to 
spot treat crops in fields up to 160 acres, in a 
precision agriculture context.  NASA has 
partnered with Dragonfly Pictures, Inc. and the 
University of North Dakota to conduct this 
investigation with the Dragonfly Pictures DP-14 
tandem rotorcraft [26] as the operational aircraft.  
This platform was selected purposely to examine 
airworthiness requirements for a UAS > 55 lb, 
operating in reduced visibility and BVLOS 
conditions, to move beyond proposed rulemaking 
for small UAS and VLOS operations. Other 
certifications, including production and pilot 
certification, will also be required, but are beyond 
the scope of the study.   

Precision aerial application was chosen because 
of the low-risk nature of the operation and strong 
economic projections for that industry [27].  The 
concept of operations for precision spraying is 
predicated on having knowledge about field 
conditions and crop health, such as would be 
documented in a prescription map.  The flight plan 
for the spray operations would be based on such a 
map, as well as geospatial information about the 
field and ground-based obstacles. 

All flight operations are restricted to within a 
designated containment volume around the field, 
shown in blue in Fig. 1.  The containment volume 
can be thought of in the simplest case as a virtual, 
3-dimensional dome or box surrounding the field 
that constrains the area of operation.  A 400 ft 
altitude limit reduces, but does not eliminate, the 
probability of intruding air traffic, since altitudes 
less than 500 ft above ground level are not 
generally considered safely navigable [28, 29].  
Steps must be taken to detect and react to other 
nearby airspace users, such as crop dusters who 
may be working adjacent fields.   

Procedures prior to and during operation ensure 
that no people are in the containment volume 
during flight (e.g., visual observation by UAS 
crew), and an assured containment system ensures  



 

Fig. 1. Notional containment volume around operational 
area. 

that the rotorcraft does not leave the designated 
boundary. Constraining the operation to a well-
defined area, with provably limited possibility of 
impact with other aircraft or people, is key to 
limiting operational risk.  Using a containment 
system to potentially reduce and simplify vehicle 
design requirements is the novel feature in this 
concept of operations.   

An assured containment system, as described in 
Section V, does not exist in the UAS domain to 
our knowledge; though similar conceptual 
approaches are employed for unmanned 
commercial rocket launches.  For the case study, 
an onboard system has been posited based on 
existing technologies, such that the system could 
be built.  The current scope of the study, however, 
only extends to examining this system at the 
conceptual design level.   

The proposed assured containment system 
operates independently of the UA autopilot 
system, and must be able to maintain safety in a 
GPS-degraded environment.  The assured 
containment system activates flight termination 
only if it determines that the flight path will likely 
result in a breach of the containment boundary, 
whether due to an autopilot system anomaly, 
human error in flight path entry, or some other 
cause. The containment system posited here 
utilizes multilateration techniques that have many 
uses in UAS applications [30], including use in 
terrestrial GPS-denied environments [31].  The 
real-time UA position is determined by an onboard 

computer that operates independently of the 
primary navigation system (i.e., sensors, software, 
and power supply).  This computer determines 
distance from three or more special low-power 
ground-based sensors that are positioned to give 
acceptable geometry and coverage for the 
operational area to be worked.  

In this concept, the position computations are 
performed on board and compared to preloaded 
containment boundaries.  If position and speed 
indicate that the boundary will be exceeded, a 
signal is generated to close a battery-powered 
electrical emergency fuel valve, forcing the UA to 
the ground.  As a backup, an additional signal is 
sent from the ground control station to the onboard 
avionics system to close the primary fuel valve.  
Autorotation may be engaged; however, the 
autorotation function need not be a part of the 
flight termination aspect of the assured 
containment system.  Because the UA is expected 
to operate at crop height most of the time, a forced 
autorotation should not result in much vehicle 
damage, though some limited crop damage may 
occur.  If the UA is operating at or near the 
altitude limit at the time of containment system 
activation, damage to the vehicle could occur, 
along with release of high energy parts from the 
rotor system.  The design of the containment area 
shape would take this possibility into account.     

Work is currently underway to derive a set of 
proposed airworthiness requirements for the UAS, 
including requirements for the containment 
system.  To the extent possible, processes and 
tools familiar to regulatory authorities and system 
safety experts are being used.  The set of 
airworthiness requirements is being documented in 
the form of a mock type certification basis. 

To date, requirements to be included in the 
basis have been reformulated from applicable parts 
of existing regulation, especially 14 CFR Part 27 
[32]. Reformulation includes adopting some Part 
27 paragraphs as is; proposing wording changes 
for some paragraphs; and, identifying other 
paragraphs as not applicable.  For topics including 
controllability and maneuverability, structural 
integrity, and powerplant and fuel systems, 
relevant Part 27 paragraphs have been condensed. 
Lastly, new requirements have been drafted to 
address novel design features including the 



containment system, and also for systems for 
detecting and avoiding people and other aircraft, 
and for safety-critical datalinks.   

Preliminary requirements for a containment 
system stipulate that such a system must mitigate 
the hazards associated with escape from the 
containment volume.  Additional requirements 
address: 

a) The accuracy of the aircraft’s location relative 

to the containment boundaries,  

b) Situational awareness of the UA’s location 

relative to the containment boundaries,  

c) Failure of infrastructure related to position 

information (e.g., GPS, cell phone network),  

d) Means of detecting impending boundary 

violations, 

e) Means of alerting the pilot in command, 

f) Means of ensuring the UA remains within the 

established containment boundaries at all times; 

and, 

g) Release of high energy parts that may constitute 

a hazard to bystanders outside the containment 

area. 

The aim of the mock type certification basis is 
to serve as a starting point for discussion with 
regulatory authorities for developing a sound type 
certification basis for a UAS operating in confined 
environments.  Further efforts are underway to 
develop a prototype assured containment system 
suitable for the DP-14 that could meet these 
requirements.   

VII. CONCLUSIONS 

Developing UAS-specific standards, including 
those for airworthiness, are essential to moving the 
process of integrating UAS into the NAS beyond 
the current practice of case-by-case 
accommodation.  The concept of assured 
containment offers one possible approach to 
streamlined development of design standards 
tailored to UAS applications suitable for confined, 
uninhabited operational environments.  The 
benefits of assured containment come largely from 
shifting the focus of airworthiness standards from 
protection of the physical air vehicle to a focus on 
the system that ensures the flight remains within a 

defined containment volume (that does not contain 
people).   

In the agricultural case study, crashing a UA 
within the containment boundary is generally an 
economic concern, instead of a safety concern, 
because the assured containment system and 
procedures to keep people outside of the boundary 
ensure ground impact hazards are mitigated.  
Therein lies the potential for reducing the effort 
needed to establish design and performance 
criteria for UA built for such operations.  That is, 
many of the airworthiness regulations for CPA 
intended to protect the physical aircraft are not 
necessary for UAS.  This then allows the design of 
the UAS, aside from the containment system and 
supporting equipment, to be dictated largely by 
business considerations rather than safety 
considerations, allowing increased flexibility in 
design choices and cost tradeoffs.  Because there 
are fewer safety requirements on the vehicle, there 
is a potential reduction in certification burden. 

The assured containment concept could help 
enable a significant number of UAS to operate 
commercially in the short term that cannot qualify 
under anticipated small UAS rules and cannot 
carry the systems and equipment necessary for full 
integration in the NAS.  Implicit in this approach 
is the need to specify a definite containment 
volume and to develop an assured containment 
system for the UA.  Both seem imminently 
plausible.  The agricultural UAS case study will 
shed some light on that plausibility, as well as the 
extent of the potential benefits from assured 
containment. 

If the case study is successful, a streamlined 
approach to airworthiness certification for UAS 
could evolve that would allow midsize UAS to 
operate in confined regions near populated areas 
within the contiguous US.  This would enable a 
host of commercial uses such as precision 
agriculture, herd management, natural resource 
exploration, as well as wind turbine, pipeline, and 
power line inspections.  While this does not 
achieve full integration, such a step would allow 
the industry and regulators to start to gain valuable 
experience with UAS while carefully controlling 
access and potential harm to the aviation system as 
a whole. 



ACKNOWLEDGMENT 

This work is supported by space act agreements 
between NASA Langley Research Center and 
Dragonfly Pictures, Inc. (SAA1-17902), and the 
University of North Dakota (SAA1-17878). 

REFERENCES 

[1] Federal Aviation Administration, (2014 October 14), 
“Petitioning for exemption under Section 333,” 
[Online], 
Available:http://www.faa.gov/uas/legislative_programs/ 
section_333/how_to_file_a_petition/. 

[2] Federal Aviation Administration, (2013 July 26), “One 
giant leap for unmanned-kind,” [Online], Available: 
http://www.faa.gov/news/updates/?newsId=73118&om
niRss=news_updatesAoc&cid=101_N_U. 

[3] Federal Aviation Administration, “Integration of civil 
Unmanned Aircraft Systems (UAS) in the National 
Airspace System (NAS) roadmap,” US Department of 
Transportation, First edition, 2013. 

[4] Bruce T. Clough, “Unmanned aerial vehicles: 
autonomous control challenges, a researcher’s 
perspective,” Journal of Aerospace Computing, 
Information, and Communication,” vol. 2, pp. 327-347, 
August 2005. 

[5] United States Government Accountability Office, 
“Unmaned aircraft systems, federal actions needed to 
ensure safety and expand their potential uses within the 
National Airspace System,” GAO-08-511, May 2008. 

[6] K. Williams, “A summary of unmmaned aircraft 
accident/incident data: human factors implications,” 
DOT-FAA-AN-04-24, 2004. 

[7] Jeremiah Gertler, “U.S. unmanned aerial systems, 
congressional research service report for Congress,” 
R42136, 3 January 2012. 

[8] Ella M. Atkins, “Autonomy as an enabler of 
economically-viable, beyond-line-of-sight, low-altitude 
UAS application with acceptable risk,” AUVSI 
Unmanned Systems 2014, Orlando, FL, pp. 200-211. 

[9] International Civil Aviation Organization (ICAO), 
“Unmanned Aircraft Systems (UAS),” ICAO Circular 
328, 2011. 

[10] National Research Council, “Autonomy research for 
civil aviation: toward a new era of flight,” Committee 
on Autonomy Research for Civil Aviation; Aeronautics 
and Space Engineering Board, Division on Engineering 
and Physical Sciences, 2014. 

[11] Ardupilot, (undated), “Simple geofence,” [Online], 
Available: 
http://copter.ardupilot.com/wiki/ac2_simple_geofence/. 

[12] Iman Sadeghzadeh and Youmin Zhang, “A review on 
fault-tolerant control for Unmanned Aerial Vehicles 
(UAVs),” Infotech@Aerospace 2011, AIAA 2011-
1472, 29 - 31 March 2011, St. Louis, Missouri. 

[13] H. Aguilar-Sierra, G. Flores, S. Salazar, and R. Lozano, 
“Fault estimation for a quad-rotor MAV using a 

polynomial observer,” 2013 International Conference 
on Unmanned Aircraft Systems (ICUAS), May 2013, 
Atlanta, GA, pp. 717- 724. 

[14]  M. Garcia, T. Muskardin, A. Viguria; M. Laiacker, A. 
Ollero, and K. Kondak, “Analysis and development of a 
reliable fixed wing UAV control system for mission 
profiles with restricted GPS availability,” 2013 
International Conference on Unmanned Aircraft 
Systems (ICUAS), May 2013, Atlanta, GA, pp. 599- 
608. 

[15] F. Sharifi, M. Mirzaei, B. W. Gordon, and Y. M. 
Zhang, “Fault-tolerant control of a quadrotor UAV 
using sliding mode control,” Proc. of the Int. 
Conference on Control and Fault-Tolerant Systems 
(SysTol'10), Nice, France, October 2010. 

[16] K. Bhamidipati, Daniel Uhlig, and Natasha Neogi, 
“Engineering safety and reliability into UAV systems: 
mitigating the ground impact hazard,” University of 
Illinois, Urbana-Champaign, Urbana, IL, 61822, 2008. 

[17] E. N. Johnson and D. P. Schrage, “System integration 
and operation of a research unmanned aerial vehicle,” 
Journal of Aerospace Computing, Information, and 
Communication, vol. 1, January 2004, Georgia Institute 
of Technology, Atlanta, GA, USA. 

[18] E. A. Marconato, D. F. Pigatto, K.R.L.J.C. Branco, and 
L.H.C. Branco, “LARISSA: Layered architecture 
model for interconnection of systems in UAS,” 2014 
International Conference on Unmanned Aircraft 
Systems (ICUAS), May 2014, Orlando, FL, pp. 20-31. 

[19] D. F. Pigatto, G. Freire Roberto, L. Gonçalves, J. F> 
Rodrigues Filho, A. S. Roschildt Pinto, and K.R.L.J. 
Castelo Branco, “HAMSTER - Healthy, mobility and 
security-based data communication architecture for 
unmanned aircraft systems,” 2014 International 
Conference on Unmanned Aircraft Systems (ICUAS), 
May 2014, Orlando, FL, pp. 52- 63. 

[20]  Shengxiang Jiang, Petros G. Voulgaris, and Natasha 
Neogi, “Distributed control over structured and packet-
dropping networks,” International Journal of Robust 
and Nonlinear Control, vol. 18, Issue 14, pp. 1389–
1408, September 2008. 

[21] F. R. Lopez-Estrada, J.-C. Ponsart, D. Theilliol, C. M. 
Astorga-Zaragoza, and Y. M. Zhang, “Robust sensor 
fault diagnosis and tracking controller for a UAV 
modelled as LPV system,” 2014 International 
Conference on Unmanned Aircraft Systems (ICUAS), 
May 2014, Orlando, FL, pp. 1311- 1316. 

[22] Bin Yu, Youmin Zhang, and Yaohong Qu, “Fault 
tolerant control using PID structured optimal technique 
against actuator faults in a quadrotor UAV,” 2014 
International Conference on Unmanned Aircraft 
Systems (ICUAS), May 2014, Orlando, FL, pp. 167- 
174. 

[23] P. E. Ross, ”When will software have the right stuff? 
Unmanned planes dominate the battlefield, yet airlines 
still have pilots- and copilots,” in IEEE Spectrum, 
December 2011, vol. 48, n. 12, 2011, pp. 38 - 43. 

[24] R. Loh, Y. Bian, and T. Roe, “UAV’s in civil airspace: 
safety requirements,” IEEE Aerospace and Electronic 
Systems Magazine, 2009, pp. 5-17. 

http://itlaw.wikia.com/wiki/National_Research_Council


[25] T. L. Martin, and D. A. Campbell., “RPAS integration 
within an Australian ATM system: what equipment and 
which airspace,” 2014 International Conference on 
Unmanned Aircraft Systems (ICUAS), May 2014, 
Orlando, FL, pp. 656- 668. 

[26] Dragonfly Pictures, Inc., (undated), “DP-14 Hawk”, 
[Online], Available: http://www.dragonflypictures.com/ 
products/unmanned- vehicles/dp-14-hawk/ 

[27] Darryl Jenkins and Bijan Vasigh, “The economic 
impact of unmanned aircraft systems integration in the 
United States,” Association for Unmanned Vehicle 
Systems International, March 2013. 

[28] Paul B. Voss, “Rethinking the regulatory framework for 
small unmanned aircraft: the case for protecting privacy 
and property rights in the lowermost reaches of the 
atmosphere,” 2013 International Conference on 

Unmanned Aircraft Systems (ICUAS), May 2013, 
Atlanta, GA, pp. 173-177. 

[29] John R. Copley, “FAA jurisdiction to regulate UAS 
operations below minimum altitudes and outside of 
navigable airspace,” 2014 International Conference on 
Unmanned Aircraft Systems (ICUAS), May 2014, 
Orlando, FL, pp. 677-683. 

[30] “Multilateration & ADS-B, executive reference guide”, 
(undated), [Online], 
Available:  http://www.multilateration.com. 

[31] UAS Vision, (2015 January 21), “New RPAS 
positioning technology unveiled”, [Online], Available: 
http://www.uasvision.com/?s=Novadem. 

[32] United States Government, (undated), Title 14 Code of 
Federal Regulations, Part 27, “Airworthiness standards: 
normal category rotorcraft.” 

 


